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1. Introduction
The measurement of mass is ubiquitous in the modern world. 
From the smallest subatomic particles, to the largest galactic 
clusters, determining the value of mass helps to explain how 
physical systems behave. More pragmatically, measurements 
of mass help determine the economic value of goods around 
the world. It is therefore critical to ensure mass is uniformly 
quantified. Historically, this has meant defining mass with the 
International Prototype Kilogram (IPK). Sometime in 2018, the 
kilogram’s definition will change. Moving forward it will be 
linked to a fundamental constant using silicon spheres and the 
x-ray crystal-density (XRCD) method [1] or using a watt bal-
ance to compare the weight of a physical mass to an electro-
magnetic force via Planck’s constant [2]. Watt balances are 
designed to realize mass at the kilogram level, but similar prin-
ciples apply to smaller masses as well.
Currently, obtaining a standard with a mass less than a 
kilogram requires submultiples of the primary standard [3]. 
Each time a mass is subdivided, relative uncertainty accrues 
progressively. This uncertainty arises during a measurement 
from a variety of sources, everything from random thermal 
fluctuations in the balance to the fluctuation of local gravity 
for some of the more precise mass measurements. At the level 
of 1 kg, the relative standard uncertainty in mass is 2  ×  10−8. 
By the time mass is subdivided to the milligram level, relative 
uncertainty is approximately 2500 times as large, as shown 
in figure  1. Extrapolating further, the problem potentially 
becomes worse; by the time the subdivision process reaches 
1 ng, the uncertainty could be as large as the measured mass.
The question arises then whether there is a way around this 
limitation. Can mass standards be improved from the bottom 
up? Plenty of things are measured in milligrams and micro-
grams: pharmaceuticals, nutrients in food, precious metals and 
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gems, for example. Most of the current effort has centered on 
using the Watt balance to define an electronic Kilogram. There 
are no fundamental limitations that prevent the same princi-
ples from scaling to smaller mass measurements. This work 
describes an approach that also uses electrical measurements 
to provide a value for mass, but at a smaller scale: an electronic 
milligram.
2. Theory and traceability
Application of a voltage between conductive elements of a 
capacitor generates electrostatic force. Several different capac-
itor geometries have been used to produce electrostatic forces 
in a balance [4–7]; the NIST (National Institute of Standards 
and Technology) electrostatic force balance (EFB) uses a con-
centric cylinder capacitor to generate the force necessary to 
remain at a null position. The inner cylinder is attached to a 
movable precision balance mechanism, and the outer cylinder 
is rigidly attached a fixed laboratory reference frame, as shown 
in figure  2. The fundamental measurement equation  used to 
realize force between two capacitor elements is
κ=F V ,2 (1)
where κ  =  (dC/dz)/2, one half the spatial gradient of capaci-
tance between two capacitor elements, C, with respect to their 
relative displacement, z. F is the resulting electrostatic force 
from an electric potential V, and is parallel to the direction of 
the capacitance gradient. In practice, voltage measurements 
will show an additional surface potential, VS, originating from 
patch effect or contact potential difference [8–11], as well as 
the adsorption of adventitious contaminants onto the capac-
itor electrodes [12–14]. To account for the surface potential, a 
voltmeter is used to determine the potential applied between 
the EFB cylinders to maintain a null position while the applied 
voltage polarity is reversed. When holding the unloaded bal-
ance at null position with a positive or negative voltage, 
respectively, the measured voltage is given by
= ++V V V ,mU U S (2)
= − +−V V V ,mU U S (3)
where VU is the true potential difference between the capac-
itor elements in the unloaded state. The force calculated from 
these two measured potentials is
( ) ( )κ κ κ= = + = + ++ +F V V V V V V V2 ,mU U2 U S 2 U2 U S S2 (4)
( ) ( )κ κ κ= = + = − +− −F V V V V V V V2 .mU U2 U S 2 U2 U S S2 (5)
The mean of the measured force from the unloaded balance at 
positive and negative polarity yields
( )κ= +F V V .aU U2 S2 (6)
An analogous expression can be obtained for the balance’s 
loaded state.
( )κ= +F V V .aL L2 S2 (7)
where the force to balance when loaded with a test mass, 
results from a potential VL. Mass is calculated from the differ-
ence in force between the loaded and unloaded balances using 
the polarity reversal process described above as
( )κ= −m
g
V V ,L
2
U
2
 (8)
Figure 1. Relative uncertainty in mass as a function of mass value. 
Dashed line is a linear fit to the data shown.
Figure 2. Schematic of the NIST electrostatic force balance 
(EFB). Fg is gravitational force from a test mass, Fe is electrostatic 
force from the capacitor, and Fr is the elastic restoring force of the 
balance mechanism. Components are: outer main capacitor cylinder 
(1) surrounded by a grounded shield electrode to minimize stray 
electrical fields, inner main capacitor cylinder (2) (note this cylinder 
is not electrically connected to the balance mechanism), floating 
link of 4-bar linkage (3), moving links of 4-bar linkage (4), buckling 
spring (5), laser interferometer (6), auxiliary capacitor to actuate 
balance during capacitance gradient measurements (7), interferometer 
laser (8), vacuum enclosure indicated by solid line (9).
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where g is gravitational acceleration. The VS
2 terms cancel if 
the surface potential is constant during the measurement.
Mass realized with the EFB is based on h in a fashion 
similar to the Watt balance. In the new SI, capacitance will 
be based on the theoretical equivalence of the von Klitzing 
constant to e2/h, realized through quantum Hall resistance, RH, 
using an AC/DC resistance to capacitance transfer such that
( )ϖ pi ν
= =
∆
C
R
k e
h
1
i 2 Cs
,c
H
2
133
hfs
 (9)
where e is the elementary charge, Δν(133Cs)hfs is the hyper-
fine splitting frequency shift of caesium-133 and kc is a scaling 
factor between the quantum hall resistance and measurement 
of capacitance [15–17]. We note that if capacitance is realized 
from a calculable capacitor then the measured value of the 
fine structure constant, α, must be included in kc. The relative 
uncertainty of α (3.2  ×  10−10) is too small to have any prac-
tical impact on mass realization at current levels of uncertainty.
The displacement of the EFB is measured with an inter-
ferometer using a stabilized helium–neon laser. EFB length 
measurements are related to the vacuum velocity of light, 
c, by
( )ν
=
∆
z
k c
Cs
,z
133
hfs
 (10)
where kz is a scaling factor for displacement measurement. 
Subsequently,
κ
pi
=
k
k
e
hc4
.c
z
2
 (11)
Measured voltages are traceable to a Josephson junction array, 
such that
( ) ( / ) ( / )ν ν− = −V V nhk e nhk e2 2 ,L2 U2 L AC 2 U AC 2 (12)
where n is an integer constant denoting the number of junc-
tions used in realization, νAC is the AC microwave frequency 
used in the Josephson junction, and kL and kU are the voltage 
ratios of the calibrations necessary to propagate from the 
Josephson standard to the voltages applied in EFB measure-
ments. Hence,
( )
( )
( )
ν
− =
∆
−V V
k n h
e
k k
Cs
4
,L
2
U
2 AC
2 2 2 133
hfs
2
2 L
2
U
2 (13)
where kAC is the scaling factor between νAC and ( )ν∆ Cs133 hfs. 
An absolute gravimeter in the EFB lab determined gravita-
tional acceleration via length and time measurements (lg and 
tg), so
( )ν
= =
∆
g
l
t
ck
k
Cs
,
l
t
g
g
2
133
hfs
2 (14)
where kl is the scaling factor between the measured length 
and / ( )ν∆c Cs133 hfs, likewise kt is the scaling factor between 
the measured time and / ( )ν∆1 Cs133 hfs
2
. From equation (8), the 
EFB mass measurements can then be written in terms of the 
fundamental constants as
( )ν
=
∆
Γm
h
c
Cs
,
133
hfs
2
 (15)
with scaling factors and other numerical constants collected 
into
( )
pi
Γ=
−n k k k k k
k k16
.c t
l z
2
AC
2 2
L
2
U
2
 (16)
Equation (15) links EFB mass directly to Planck’s constant 
in the same fashion as the Watt balance. Mass realized with 
an EFB operating according to the principles described above 
is therefore compatible with the impending SI redefinition of 
the kilogram.
3. Experimental
3.1. Apparatus
The NIST electrostatic force balance (EFB) [18, 19] was used 
for all weighings. The EFB is an electromechanical balance 
mechanism, and is illustrated schematically in figure  2. All 
measurements are performed in the NIST advanced mea-
surement laboratory in an underground lab at a temperature 
of 293.15(2) K. Two modes of operation are required. In the 
capacitance gradient mode, the main capacitor’s inner cyl-
inder translates axially with respect to the outer cylinder to 
determine the gradient of capacitance with position relative to 
null position, dC/dz. In the weighing mode, the electrostatic 
force generated by a concentric cylinder capacitor varies to 
hold the null position, responding to an external gravitational 
force in the form of a mass artifact.
The balance mechanism consists of a parallelogram 4-bar 
linkage where the floating link is mechanically attached to the 
inner cylinder of the main electrode. This constrains the inner 
cylinder’s axis to be parallel to the gravitational acceleration 
vector within the bounds of the parallelism of the ground 
links. Flexures and an adjustable kinematic mount built into 
the EFB frame allow parallelism adjustment as described fur-
ther in the alignments section below. In the capacitance gra-
dient mode, overlap between the two cylinders is controlled 
with a feedback loop by adjusting the potential applied to 
an auxiliary electrode on the opposite end of the balance. A 
24-bit digital-to-analog converter provides an output voltage 
to a Kepco BOP 1000 high voltage amplifier4, applying up 
to  ±1000 V to the auxiliary electrode for position control. A 
measurement samples 11 equidistant points within 2 mm of 
the travel range of the mechanism. At each point, an Andeen-
Hagerling 2500A capacitance bridge measures capacitance. 
Separate shielded electrical connections are made to the inner 
and outer cylinders to isolate them from the grounded balance 
mechanism and vacuum chamber. This ensures the 3-terminal 
3 NIST Disclaimer: this article is authored by employees of the U.S. federal 
government, and is not subject to copyright. Commercial equipment and 
materials are identified in order to adequately specify certain procedures.  
In no case does such identification imply recommendation or endorsement 
by the National Institute of Standards and Technology, nor does it imply that 
the materials or equipment identified are necessarily the best available for 
the purpose.
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capacitance measurements are insensitive to capacitances 
other than that measured between the EFB cylinders. A check 
for stray capacitance is described further below and in the 
supplement.
A Zygo laser interferometer system provides metrological 
displacement. This heterodyne interferometer design uses a 
dual column reference Michelson configuration to measure 
differential displacement between the bottom of the outer 
capacitor cylinder and the top of the inner cylinder’s inside 
surface. During capacitance gradient measurements, discrete 
positions corresponding to the spacing between an integral 
number of interference fringes were used to avoid polariza-
tion mixing errors. Due to the arcuate motion of the balance 
mechanism’s floating link, the capacitance gradient requires 
a 5th order polynomial fit [20]. Although operating close to 
the null position renders the higher order terms of the polyno-
mial negligible during weighing experiments, their influence 
on determinations of the first order term must be quantified to 
reduce the relative magnitude of this systematic effect to 10−6.
After measuring dC/dz, a relay system switches the high 
voltage from the auxiliary to the main electrodes. The feed-
back controller now outputs the voltage necessary to maintain 
a null position as test masses are placed on and removed from 
a mass holder attached to the balance’s floating link while two 
Keysight 3458A digital multimeters measure applied voltage. 
A two-axis mass loading system was used so that the notched 
mass holder always returns to the same home position during 
measurement to minimize the effect of the stray force between 
the movable mass holder and the balance [21, 22]. Two differ-
ential weighings with opposite polarity counteract the effect 
of contact potential as described above. The offset potential is 
several tens of mV in magnitude.
An adjustable buckling spring attached between the 
floating link of the 4-bar mechanism and the balance frame 
reduces the balance stiffness [23]. By moving the balance 
through part of its range of motion while measuring applied 
electrostatic force, the balance stiffness can be measured and 
then minimized to approximately 10−3 N m−1 by adjusting 
the buckling spring. Vertical adjustment at the base of the 
tension spring also allows choice of the operating voltage 
range. Since applied force is proportional to the square of 
voltage, the balance can operate at a voltage appropriate for 
the desired measurement (i.e. the lowest practical voltage), 
allowing an increase in the sensitivity of the balance for 
smaller test masses. At equilibrium, the average position 
within a 0.1 Hz bandwidth is held within approximately 
1 nm from the null position. In combination with the bal-
ance stiffness, this results in force resolution on the order of 
piconewtons.
3.2. Alignments
Alignments of the balance mechanism and their contributions 
to measurement uncertainty are described more fully in sup-
plementary materials (stacks.iop.org/MET/53/A86/mmedia), 
and are similar to previous work [18]. The uncertainties 
associated with alignment of the capacitor cylinders, corner 
loading, and alignment of the balance travel to gravity appear 
in table 1. These procedures align the electrostatic force vector 
to gravity at the null position, since the cylindrical geometry 
of the capacitor ensures the radial forces cancel and the bal-
ance mechanism is very compliant parallel to gravity and very 
stiff in other directions.
3.3. Electrical calibrations
An Andeen-Hagerling 2500A 1 kHz capacitance bridge was 
used for all capacitance measurements. The calibration of the 
capacitance bridge included an internal calibration of the cir-
cuitry and transformers as well as an external calibration using 
a NIST 10 pF reference standard capacitor. The external cali-
bration procedure calibrated the bridge to the stored reference 
capacitance value at 1 KHz. The calibrated bridge was then 
used to measure the reference value using the stored calibra-
tion state. Agreement was obtained to 0.024 µF F−1 with an 
expanded uncertainty (k  =  2) of 0.246 µF F−1 at 10 pF. The 
expanded uncertainty (k  =  2) of the 10 pF NIST reference 
standard value at 1 kHz was 0.100 µF F−1. The bridge was also 
checked against 100 pF and 1 pF reference standards near the 
time of the external calibration. The 100 pF bridge agreement 
with the reference standard was 0.022 µF F−1 and the 1 pF 
bridge agreement with the reference value was 0.20 µF F−1.
Keysight 3458A digital voltmeters (DVMs) were used to 
determine voltage, and were calibrated against a Fluke 5720 
that had been calibrated via 1 V and 10 V Zener references 
(calibrated against the NIST Josephson Voltage Standard) 
and a resistive divider bridge. The linearity of the 5720 on 
the 1100 V range was checked against various ratios on the 
resistive divider and found to have a linearity within about 
0.2 µV V−1 of full scale (1000 V). The non-linearity of the 
DVMs is corrected for during post processing. Although the 
relative calibration uncertainty of the voltmeters was less 
than 1  ×  10−6, differences of 2  ×  10−6 were found between 
the readings of the two voltmeters used in parallel during the 
EFB measurements. We use this as our estimate of the voltage 
uncertainty, since tests have confirmed that this difference 
does not arise from internal DVM temperature fluctuations or 
cable resistance.
Table 1. Uncertainty components in the EFB mass measurements.
Uncertainty components Relative magnitude (k  =  1)
Type B uncertainties 1 mg artifact 20 mg artifact
Transfer of length (δL/L) 1  ×  10−7 1  ×  10−7
Transfer of voltage (2δV/V) 4.0  ×  10−6 4.0  ×  10−6
Transfer of capacitance (δC/C) 1.2  ×  10−7 1.2  ×  10−7
Alignment of capacitor cylinders 1.2  ×  10−7 1.2  ×  10−7
Corner loading 6.0  ×  10−7 6  ×  10−7
Stray capacitance 8.2  ×  10−7 8.2  ×  10−7
Hysteresis 1.4  ×  10−6 2.2  ×  10−7
Alignment of balance travel 7.3  ×  10−7 7.3  ×  10−7
Temperature dependence  
of dC/dz
4.4  ×  10−6 4.4  ×  10−6
Type A uncertainties
Weighing 3.8  ×  10−6 2.2  ×  10−6
Combined standard uncertainty 7.3  ×  10−6 6.5  ×  10−6
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3.4. Mass calibrations by subdivision from the kilogram
A cross-check experiment was carried out to compare the 
EFB mass values with values determined by kilogram subdi-
vision. Three separate commercial robotic mass comparison 
systems were used in the subdivision of mass from a kilogram 
to a milligram. These robots employ high-precision mass 
comparators that span the ranges 1 kg to 100 g, 100 g to 1 g, 
and 1 g to 1 mg, respectively. Each system consists of a mass 
comparator, a three axis robotic arm, a system control unit, 
and a weight magazine. Compared to traditional manual sub- 
division measurements, robotic comparators have the poten-
tial to achieve more precise mass measurements. The highly 
repeatable motion of robotic arms results in precise positioning 
and placement of weights onto the comparator weighing pans, 
thus decreasing measurement variance. Furthermore, the 
absence of human interaction in the measurement process pre-
vents temporal heating effects on the weights and weighing 
cell response. Weighing designs can be programmed to run 
continuously for hours or days. Environmental data (temper-
ature, pressure, and humidity) is automatically collected and 
was used to calculate a buoyancy correction, which has been 
applied to all reported results.
Mass dissemination by subdivision from a kilogram to 
a milligram requires 6 series of weighing schemes, one per 
decade. Measurements of each decade are repeated 10 times; 
the results for each weight are approximately normally dis-
tributed, so the means are taken as final mass values. The 
smallest mass in a given series is used as the restraint for the 
following decade. This process is repeated for every decade 
in a mass set. A control chart for 1 mg and 10 mg masses used 
in the workdown is shown in figure 3.
4. Results and data analysis
4.1. Measurement results
Figure 4 shows a 5th order polynomial fit, illustrating a typical 
dC/dz measurement. Here, a separate polynomial is fit to the 
average capacitance of each position sweep as a function of 
time, and then the fit is subtracted from the data to compensate 
for position drift. The value of the capacitance gradient for a 
particular measurement is calculated as the mean of the gra-
dients over the course of that measurement. The capacitance 
gradient measurements bracket the weighings at a regular 
interval so that the average of the capacitance gradient before 
and after a particular weighing is used to determine the value 
of mass for that experimental trial.
Figure 5 shows the force calculated using equation  (1) 
from a 1 mg nominal aluminum wire mass artifact. V here 
is the voltage measured using the DVM. FU+, FU−, FL+ 
and FL−, correspond to electrostatic force measured in the 
unloaded state at positive and negative polarity, and the loaded 
state at positive and negative polarity, respectively. The bal-
ance restoring force, and hence the operating voltage, clearly 
drifts during the measurements. A temporal function FU+(t) is 
derived from linear interpolation between consecutive deter-
minations of FU+ with measured timestamp, t. The mass, mp, 
in a particular weighing trial is
= − − + −
+
− + − + + + −
+ −
m F F t F F t F
F t g2 ,
p p p p p p
p
U , U U , L , U L , L ,
U L ,
[ ( ) ( )
( )]/
 
(17)
where p is an index denoting the number of the trial and tU−,p, 
tL+,p, and tL−,p are the measured timestamps for FU−,p, FL+,p, 
and FL−,p, respectively.
Figure 3. Mass correction values (difference from 1 mg and 10 mg) 
and uncertainties for 1 mg and 10 mg check standards, respectively, 
used in subdivision. Different colors indicate trials performed on 
separate days as part of the workdowns used for the comparison to 
EFB values, error bars represent combined uncertainty at k  =  1 [3].
Figure 4. EFB positional capacitance gradient. Fifth order 
polynomial fit (top) and fit residuals (bottom). Error bars show one 
standard deviation of measured residuals.
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Measurements were also performed on a 20 mg gold wire 
mass (calibrated also in 2006 [18]). A summary of EFB mass 
values and combined standard uncertainties are shown in 
table 2. These values are the mean of the 2016 EFB measure-
ments shown in figure 6.
4.2. Uncertainty analysis
Table 1 summarizes the results of an uncertainty analysis of 
the EFB mass measurements. Type B uncertainties in voltage, 
capacitance, alignment and corner loading error are described 
above and in the supplement. Length uncertainty is taken from 
the accuracy specification of the measurement electronics to 
be the least significant bit in the displacement measurement 
electronics divided by the 2 mm maximum displacements 
used in the dC/dz determination. The frequency dependence 
of the capacitance as well as the parasitic capacitance gradient 
between the outer capacitor cylinder and balance mechanism 
are both shown to be negligible with an analysis detailed in 
the supplement.
4.2.1. Balance hysteresis. Balance hysteresis arises from 
motion in the flexures connecting the members of the 4-bar 
linkage. A small hysteresis in force may arise from transient 
motion of the balance mechanism when the test mass first 
contacts the balance, or when it is first lifted off. In addition, 
there is often a small balance excursion as the gain of the posi-
tion control feedback is reduced prior to measuring applied 
voltage. This hysteresis force was directly measured by simu-
lating the placement of a mass on the balance with a short posi-
tion excursion programmed into the position control followed 
by a gain change at the same approximate operating voltage 
level used for a particular mass. The short excursions/gain 
changes mimicked the transients occurring when the masses 
are deposited onto and then removed from the balance during a 
weighing. To estimate uncertainty from hysteresis, an identical 
experiment was conducted to measure hysteresis force with a 
position excursion 10 times as long in time as that measured 
for the 1 mg mass measurements. The measured hysteresis 
force changed by approximately 10%. We therefore use 10% 
of the measured hysteresis force as our type B uncertainty for 
hysteresis. The magnitude and uncertainty of the hysteresis 
correction to the mass values are summarized in table 3.
4.2.2. Temperature dependence of capacitance gradient. 
A small dependence of the capacitance gradient on the 
balance temperature may be affecting the measurement. 
Figure 5. EFB weighing data. Calculated force, F, over time during 
weighing experiments, top. Notice that the balance force is higher 
when the mass is off compared to when it is on the balance. This 
is because the balance is adjusted to rest in an upward position so 
that the electrostatic force on the capacitor can pull it down. The 
addition of a mass to the balance reduces the amount of restoring 
force that must be applied, hence the decrease in F. Note the broken 
vertical axis. Measured mass, mp, of a 1 mg artifact, bottom. The 
hysteresis correction has not yet been applied to these data.
Table 2. EFB values for 2016 weighings.
EFB mass values and combined uncertainties (k  =  1)
0.998 3245(73) mg 20.916 92(14) mg
Figure 6. Comparison of gold 20 mg (a) and aluminum 1 mg 
(b) masses. Error bars on the EFB results are calculated at k  =  1 
using the type B uncertainties from table 1 and type A uncertainty 
calculated from the standard deviation of the mean for the mass 
measurements collected during each daily trial.
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Directly after pumping the system to vacuum, a pronounced 
temperature change occurs. During this time, the balance 
capacitance gradient and temperature were monitored. 
A linear fit to the data reveals a shift of approximately 
4.2  ×  10−15 F m−1 decrease in dC/dz per K. The balance 
temperature during weighings gradually drifts upward by as 
much as 10 mK as a result of heat generated by the auto-
mated mass exchange system and then back downward dur-
ing dC/dz measurements. Given the magnitude of dC/dz is 
approximately 0.947 nF m−1, we add a relative uncertainty 
of 4.4  ×  10−6 to account for this effect, stipulating that data 
collection will not commence until the average temperature 
measured during consecutive capacitance gradient determi-
nations is constant at the level of 10 mK.
4.2.3. Statistical uncertainty. The mass measurements were 
replicated on at least 3 days, with at least 75 measurements of 
mp per day and a capacitance gradient measurement bracketing 
each daily measurement. The statistical (type A) uncertainty 
quoted in table 1 is the standard deviation of these consecu-
tive daily values. It includes statistical uncertainty in both the 
weighing process and the capacitance gradient determination. 
The uncertainty calculated with this method is approximately 
the same as the standard deviation of the mean calculated 
within a particular daily measurement, indicating that a single 
day’s weighing will likely be sufficient to describe the statisti-
cal uncertainty of the measurement.
5. Discussion
In order to confirm that the EFB mass value is functionally equiv-
alent to subdivision from the kilogram, a comparison of two dif-
ferent masses was carried out. Figure 6 summarizes the results of 
three cross-check experiments over a time period of over 2 years. 
Another measurement of the 20 mg mass was published ten years 
earlier [18], and resulted in an EFB value of 20.917 69(45) mg, 
as compared to a subdivision value of 20.919 05(35) mg where 
parentheses denote combined standard uncertainty. Between 
each EFB measurement, the balance mechanism was disas-
sembled, modified and realigned. Three different control sys-
tems were used over the course of the work. The first control 
system operated in the first part of the 2005 measurements, the 
second operated in the second part of the 2005 measurements 
and the 2014 measurements, the third operated in the 2016 mea-
surements. Three different analysis methods were also used. 
Important differences between the 2005, 2014 and 2016 mea-
surements include the change from a linear fitting algorithm 
used for the 2005 capacitance gradient to a cubic polynomial 
fit used for the 1 mg results from 2014, and finally a fifth-order 
fit [20] for the 20 mg results from 2014, and all results in 2016. 
The 2014 and 2016 measurements also used the interleaved 
capacitance gradient determinations, whereas the 2005 mea-
surement was the average of all the capacitance gradients 
determined over the course of several months. The most recent 
control system and analysis method are described in this paper, 
and represent best current practice. Finally, different operators 
carried out the measurement each time.
At the 1 mg level, it is apparent that the mass itself changed 
substantially over time, losing almost 1 microgram over the 
course of two years, with one abrupt change evident during 
a subdivision calibration. When measurements are performed 
in close temporal proximity, the relative difference between 
the EFB and subdivision values is 1.5  ×  10−5. This indicates 
agreement of the two results at k  =  1.
At the 20 mg level, there was also a slight decrease in the 
mass over time, however the more recent measurements show 
there is a significant difference between the EFB and subdivi-
sion methods. The EFB mass value is between 0.4 µg and 1 µg 
lower. Although the difference between the measured values is 
substantially smaller than in previous work [18], the measure-
ment uncertainties are smaller as well. 1 mg and 10 mg check 
standards used in the subdivision measurements did not show 
the same level of instability as the gold wire mass, as shown 
in figure 3. It is important to note that the relative discrepancy 
between the two values is at most 5  ×  10−5, within the accept-
able range for current primary calibrations in this mass range.
A potential source of systematic differences between the two 
weighing methods is the surface chemistry of the mass artifacts. 
The surface of the gold wire used for the 20 mg artifact may have 
a substantial water layer. Scanning probe microscope (SPM) 
studies report water layer thicknesses as large as 30 nm under 
ambient laboratory conditions similar to ours [24]. This would 
result in a mass contribution of approximately 0.5 µg (assuming 
the bulk density of water, and using the dimensions of the mass). 
Desorption of the water layer may therefore account for the dif-
ferences between the mass measurements performed in vacuum 
using the EFB and in air using the robotic mass comparator.
The aluminum wire used for the 1 mg artifact likely forms 
an oxide layer primarily composed of amphoteric aluminum 
hydroxide [25, 26] in a partially hydrated pseudo-bohemite 
structure. Residual gas analysis studies show that water is 
the dominant component in vacuum outgassing of Al sur-
faces stored under laboratory conditions [27, 28]. The water 
appears to predominantly come from the partial dehydration 
of the pseudo-bohemite, AlO(OH), to Al2O3 in a 2:1 stoichio-
metric ratio [26]. Extensive surface water layers only form 
on aluminum oxide surfaces at relative humidity above 70% 
[29, 30], much higher than the 40% maintained in our laborato-
ries. Using the approximate oxide thickness of 3.5 nm deter-
mined with x-ray photoelectron spectroscopy (XPS) [26], the 
density of bohemite (3  ×  103 kg m−3) [31] and dimensions 
of the Al wire mass (5 cm long, and 100 µm in diameter), the 
total oxide mass would be approximately 0.2 µg for the 1 mg 
mass used. The total change in oxygen concentration in the 
film after introduction into vacuum and heating to 300 °C is 
2.3% [26]. Since oxygen makes up 29% of the bohemite mass, 
a conservative estimate of the total mass change from alu-
minum surface dehydration would be 1 ng. Although it is 
outside the scope of the current work, further study may 
Table 3. Summary of balance hysteresis and uncertainty.
Mass artifact 1 mg 20 mg
Balance hysteresis 13.9 (1.4) ng 49.7(4.7) ng
Note: These quantities are subtracted from measured mass such as that 
shown in figure 3 to obtain the final mass values shown in table 2.
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be required to clarify the role of surface chemistry in air to 
vacuum mass transfer and choose a suitable material and 
fabrication method for mass artifacts used in vacuum to air 
comparisons performed at the milligram level. Previous work 
to determine appropriate corrections for adsorbed layers on 
mass artifacts has been summarized elsewhere [32], and 
methods currently under development will allow direct com-
parison between masses in air and vacuum [33].
Finally, a 50 µg artifact was weighed. Although a detailed 
examination of the micromass results are beyond the scope of the 
current work, significant reductions in uncertainty are apparent 
using electrostatics relative to those expected from subdivision. 
Extrapolation of the trend in mass uncertainty in figure 1 indi-
cates a relative standard uncertainty of approximately 10−3 can 
be expected at 50 µg, and this result is approximately consistent 
with current published micromass uncertainties [34–36]. The 
EFB mass value is 50.633(14) µg, so the uncertainty of this pre-
liminary result is about an order of magnitude lower than cur-
rent methods. A detailed examination of micromass calibration 
is left for future work, but the first of these measurements indi-
cates that the EFB should provide an improvement in scaling of 
SI mass metrology for even smaller masses.
6. Conclusion
Milligram-level masses can be accurately and traceably cali-
brated via the fundamental constants using an electrostatic force 
balance (EFB) with uncertainty suitable for commerce and 
national metrology institutes. Results of comparisons between 
electrostatic mass metrology and subdivision from the kilogram 
agree within less than a relative difference of 5  ×  10−5 over 
more than 10 years despite multiple instrumentation, operator 
and methodology changes in both methods. Recent advances 
allow relative uncertainties in the parts-per-million range at 
k  =  1 in vacuum, as demonstrated in an uncertainty analysis 
for the EFB. Small mass metrology is now primarily limited by 
systematic uncertainty, likely dominated by the surfaces of the 
mass artifacts themselves as they change physically from abra-
sion or accretion of particulates or due to desorption of surface 
layers in transfer between air and vacuum.
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